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The influence of different wet chemical treatments (HCl, H2SO4, NH4OH) on the composition of InP surfaces is studied by using
synchrotron radiation photoemission spectroscopy (SRPES). It is shown that a significant amount of oxide remains present after
immersion in a NH4OH solution which is ascribed to the insolubility of In3+ at higher pH values. Acidic treatments efficiently remove
the native oxide, although components like P0, In0 and P(2±)+ suboxides are observed. Alternatively, the influence of a passivation
step in (NH4)2S solution on the surface composition was investigated. The InP surface after immersion into (NH4)2S results in fewer
surface components, without detection of P0 and P(2±)+ suboxides. Finally, slight etching of InP surfaces in HCl/H2O2 solution
followed by a native oxide removal step, showed no significant effect on the surface composition.
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In order to meet the scaling requirements set out in the ITRS
roadmap,1 III-V compound semiconductors, such as GaAs and InP,
may be integrated into the standard silicon based metal–oxide–
semiconductor field-effect transistors (MOSFETs). The potentially
high bulk carrier mobility of these materials can result in improved
transistor performance.2,3 In order to integrate the promising III-V
channel materials into future CMOS technologies, InP material plays
an important role. One route for integration resides on the so called
aspect ratio trapping (ART) technology.4 In this approach, technology
relevant STI trenches are manufactured and after Si recess this tem-
plate is used for epitaxial III-V growth. InP plays an important role,
either as advanced channel material, but more specifically as epitax-
ial matching template between Si substrate and e.g. InGaAs channel
material.5–7 For this purpose a good understanding of the surface ter-
mination following wet chemical processes - prior to epitaxial growth
and/or gate stack manufacturing is prominent.
In contrast to silicon oxide, III-V native oxides have poor electri-
cal passivation which leads to a highly defective interface and defect
states in the bandgap.8 A surface preparation step is therefore essen-
tial to obtain a good starting surface prior to the epitaxial growth of
the channel layer or the atomic layer deposition (ALD) of a dielectric
layer. The use of wet chemical techniques has been proven to be ef-
fective and practical for semiconductor surfaces.9 The formation of a
stoichiometric III-V surface with a controlled amount of (or no) oxide
on top is however still a challenge. In this respect, the in depth un-
derstanding of the III-V surface composition and stoichiometry after
wet cleaning is required. A typical characterization technique used
for surface analysis is X-ray photoelectron spectroscopy (XPS).9,10 A
synchrotron radiation source and a high energy resolution detector,
enable an accurate study of the different chemical states right at the
surface. Therefore synchrotron radiation photoemission spectroscopy
(SRPES) is the main technique used for this work.
This article will discuss the oxide removal of InP surfaces after
immersion in different wet-chemical solutions. The various surface
components of an as-received substrate will be discussed and will
help to understand the effects of different ex-situ wet chemical treat-
ments. The focus of this work will be both on acidic and alkaline
solutions. Additionally, the re-oxidation of the compound semicon-
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ductor surface during air exposure or sequential processing has to be
considered and implies that an additional passivation step is needed in
order to use these materials as active channel. Many reports suggest
that sulfur can be used to passivate III-V surfaces. The exact mecha-
nism is unknown, but is suggested that the re-oxidation is prevented
and an interaction with surface dangling bonds is achieved.11–14 In this
study the influence of a (NH4)2S passivation step after wet chemical
treatments is investigated by SRPES. In addition, the surface wet-
ting properties, the morphology and the etch rate after the various
treatments are studied with Contact Angle (CA), Scanning Tunneling
Microscopy (STM), and Inductively Coupled Plasma – Mass Spec-
trometry (ICP-MS), respectively.
Experimental
All samples were Zn-doped (3 × 1017 cm−3) p-type InP (100)
substrates. The samples were ex situ treated in either as prepared 2 M
HCl, 1.8 M H2SO4 (50◦C), 15.2 M NH4OH or 2.9 M (NH4)2S solution
for 5 min, followed by a 3 min rinse in deionized H2O and blow-dry
with N2. The wafers were immediately stored in a N2-purged box and
transported to the measurement setup limiting the total air exposure
to maximum 5 minutes, including wafer drying.
SRPES measurements were carried out at the U49/2-PGM-2
beamline at the Bessy-II synchrotron radiation facility within the
Helmholtz-Zentrum Berlin. The photons were monochromatized us-
ing a planar grating monochromator in an energy range between
250 eV and 640 eV. The resolution of the monochromator was
E/E∼10−4. The photoelectrons were detected using a Specs Phoi-
bos 150 analyzer with a pass energy of 10 eV at an emission angle of
45◦. In order to obtain surface sensitive spectra, the P 2p and In 3d5/2
spectra were measured with a photon energy of respectively 250 eV
and 640 eV. All peak fitting was performed within the Thermo Avan-
tage software using pseudo-Voigt functions (Lorentzian-Gaussian sum
functions). Within a series of spectra, a consistent set of components
was determined. Within such a set, chemical shifts (CS) and peak
broadenings were fixed within a 30 meV interval, while spin-orbit
splitting was not allowed to vary.
Scanning tunneling microscopy was performed in an Omicron
UHV SPM system with a base pressure of 5 × 10−11 mbar. The
depicted images were acquired at a bias of 2 V with currents in the
100 pA range. The sample preparation procedure was identical to that
used for the XPS measurements. The wetting properties were analyzed
using a DataPhysics OCA 230L Contact Angle System. The etch rates
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Table I. Contact angle of InP surfaces after different wet chemical
treatments.
Treatment Contact Angle (◦)
5 min HCl 60 ± 2
5 min H2SO4 69 ± 2
5 min NH4OH 28 ± 2
were determined by ICP-MS (Agilent 7500cs). This technique enables
detection of substrate loss at sub-monolayer level.15,16
Results and Discussion
Surface composition of InP after different wet chemical
treatments.— The wettability of InP surfaces after different aqueous
treatments, as derived from the contact angle (CA) measurements (Ta-
ble I), can be used as an indication for the surface termination, since
the presence of oxide results in a hydrophilic surface. While for an
alkaline NH4OH treatment, a rather hydrophilic surface was obtained
with a contact angle below 30◦, both HCl and H2SO4 treatments
resulted in a hydrophobic surface (CA ≥ 60◦). The relatively high
contact angles suggest that little surface oxide was remaining after
immersion into acidic solutions as compared to NH4OH solution.
In order to confirm these observations, the InP surface composition
was studied by SRPES. The P 2p and In 3d5/2 spectra of an untreated
(as-received) InP wafer is shown in Fig. 1. The P 2p and In 3d5/2
spectra of this InP substrate were fitted with seven and four Gaus-
sian components, respectively. An overview of these components and
their corresponding chemical shift is shown in Table II. The surface
sensitive P 2p spectrum, measured with a photon energy of 250 eV,
consisted mainly of a P-In substrate peak and two oxidized phospho-
rous peaks with chemical shifts of 4.20 eV and 4.93 eV respectively.
Other components can be assigned to P0 (CS 1.25 eV) and P(2±)+
suboxide (CS 2.80 eV), assuming a linear dependency of the chemical
shift on the oxidation state. In order to obtain accurate fits to these data,
two additional surface components needed to be introduced, S2 with
a CS with respect to P-In of 0.29 eV and S1 with a CS of −0.40 eV.
The same fitting model was verified for less surface sensitive P2p
spectra measured (hν = 640 eV - not shown). The interpretation of
the oxide peaks is not straightforward. The oxide peak with a CS
= 4.93 eV can be assigned to the thermodynamically stable InPO4 (or
hydroxide). The other oxide components (CS = 4.20 eV) cannot, due
to the smaller chemical shift, be assigned to a true phosphate. It has
been suggested9,17 that this component is most likely Inx(HPO4)y. The
In 3d5/2 spectrum, measured with hν = 640 eV, was mainly fitted with
an In-P substrate component and In3+ (CS = 0.40 eV). Two shoulders
were observed, which could be assigned to In0 (CS = −0.37 eV) and
InPO4 (CS = 1.20 eV). The quantitative analysis is more intricate
since small changes in CS and peak width/shape lead to significant
variations in spectral weight. It should be noted that the detection of
these various components, such as P0, P(2±)+ suboxide and In0, cor-
Table II. Overview of peak fitting model for P 2p spectrum (left)
and In 3d5/2 spectrum (right).
P2p Chemical In3d5/2 Chemical
spectrum shift (eV) spectrum shift (eV)
Surf1 −0.40 In0 −0.37
P-In Ref In-P Ref
Surf2 0.29 In3+ 0.40




respond to very small amounts and are therefore usually not observed
with normal XPS measurements.
Due to the extensive amount of oxidized P 2p components de-
termined for an as-received InP wafer, it is clear that this leads to
an inadequate starting surface prior to epitaxial growth or dielectric
deposition. In order to decrease the amount of elemental (P0) and oxi-
dized phosphorus, different wet chemical treatments were performed.
The P 2p and In 3d5/2 spectra of InP surfaces after these treatments are
shown in Figure 2, the corresponding spectral weight of the different
components are depicted in Figure 3.
Figure 2a shows the P 2p spectrum of an InP surface after im-
mersion in sulfuric acid. The presence of both P0 and P(2±)+ sub-
oxides was observed, but less oxidized phosphorous was detected.
It is possible that the small amount of surface oxide peak found, is
due to re-oxidation during the limited air exposure needed for sample
loading or that it is a result of incomplete oxide removal. The In 3d5/2
spectrum (Fig. 2b) was fitted with an In-P substrate peak, with ad-
ditional detection of In0 and In3+ oxide. Although full quantification
of these spectra is rather complicated, a significant decrease in In3+
is observed. The immersion into a HCl solution (Fig. 2c–2d) results
in a comparable starting surface with slightly less In3+ and P5+ ox-
ides. Both acidified treatments result in a larger contribution of the
P0 peak (Fig. 3) to the P 2p spectrum and also small amounts of
P(2±)+ suboxides are detected. Furthermore, a higher indium oxide
content compared to phosphorous oxide on the acid treated InP sur-
face was found. This may be explained by the lower dissolution rate
of In oxides or due to indium termination. Compared to an as-received
surface, only one oxidized P peak (CS = 4.20 eV) was detected for
all treatments, indicating the presence of Inx(HPO4)y rather than the
stoichiometric InPO4. In general, these results indicate that both acid-
ified solutions remove the native oxide of InP effectively, however
components such as P0, In0 and P(2±)+ suboxides are observed at the
surface.
The surface composition of InP surfaces after an alkaline (NH4OH)
treatment (Fig. 2e–2f) is significantly different. It can be clearly ob-
served that NH4OH treatment is less efficient for both indium and
phosphorous oxide removal, as compared to the acidic treatments.
However, the same surface components are detected for all treatments
but with different relative ratios. The inefficient oxide removal of
Figure 1. P 2p spectrum (left) and In 3d5/2 spec-
trum (right), measured with a photon energy of re-
spectively 250 eV and 640 eV, of an as-received InP
surface.
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Figure 2. P 2p spectrum (left) and In 3d5/2 spec-
trum (right) of an InP surface after H2SO4 (top),
HCl (middle) and NH4OH (bottom) treatment.
InP in ammonia is due to the low solubility of In oxides in alkaline
solution.17 It can therefore be stated that ammonia is not suitable for
oxide removal on InP surfaces.
By comparing the spectral weight of the different P 2p compo-
nents, measured with a photon energy of 250 eV and 640 eV, a depth
model can be composed (Fig. 3 left). A larger relative spectral weight
at low photon energies indicates that the component is closer to the
surface. It was observed that P(2±)+ suboxides are at the outer sur-
face (not shown) with P5+ (InPO4 and Inx(HPO4)y) underneath. The
P0 component is located in between the P5+ and the InP bulk layer.
A possible explanation can be found in the surface oxidation of InP,
which proceeds by In and P diffusion rather than O indiffusion. The
diffusion of P is significantly slower compared to In, resulting in P0
enrichment at the interface between InP and the oxide.18 By compar-
ing the spectral weight of In 3d5/2 (more surface sensitive) and In 4d
(less surface sensitive), measured with a photon energy of 640 eV, in-
formation was obtained about the relative depth of the In components
(Fig. 3 right). It was found that In0 is located at the outermost of the
surface, with In3+ underneath.
Surface passivation of InP by (NH4)2S solution.— In this part, the
influence of a passivation step in (NH4)2S solution on the surface
composition was investigated. The same fitting model was used for
both P 2p and In 3d5/2 spectra and resulted in the detection of fewer
surface components (Fig. 4). The analysis of the P 2p spectrum after
(NH4)2S solution treatment shows the presence of the P-In substrate
and oxidized P peak with additional surface components but without
any trace of P0 and P(2±)+ suboxides. The chemical shift of the
oxidized phosphorous peak is somewhat larger (4.59 eV instead of
4.20 eV). It is possible that the difference in the CS is due to second
neighbor effects as a result of S substituting P.12,13 It can be clearly
observed that no PxSy bonds are retrieved in these spectra since these
should be located in the binding energy range of 130 to 132 eV.
This may be explained by the high dissolution rate of PxSy bonds
in aqueous media.21 The surface composition was also studied after
(NH4)2S solution immersion with a prior oxide removal step (H2SO4).
A comparable P 2p spectrum is obtained, which confirms the native
oxide is (partly) removed in ammonia sulfide solution. The In 3d5/2
spectrum fitted with four components also shows no beneficial effect
of the oxide removal prior to ammonium sulfide treatment. However,
the presence of In-S bonds, which are located at the same binding
energy as In3+, makes the distinction and therefore quantification of
both contents challenging. Figure 5 shows that the spectral weight
of the In3+/In-S component decreased compared to an as-received
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Figure 3. The relative spectral weight of the components determined for the different wet chemical treatments for P 2p, measured with hv = 250 eV and hv =
640 eV (left), and In 3d5/2 and In 4d measured with hv = 640 eV (right). The relative depth of the P 2p components is defined as the ratio of the spectral weights
of the P 2p at hv = 250 eV and 640 eV and of In is defined as the ratio of In 3d5/2 and In 4d spectral weights (bottom).
InP substrate, indicating that the amount of In3+ oxide is partially
removed.
In order to better understand the role of S, the S 2p spectrum
was measured with hν = 350 eV and shown in Fig. 6. Three compo-
nents, with a spin-orbit splitting of 0.70 eV, were necessary to fit the
spectra. The main doublet was assigned to In-S bonds present at the
surface. The other components can be assigned to substitutional sulfur
(CS = 1.20 eV), sulfur-ion on a phosphorous position in the lattice,
and sulfur-sulfur bonds (CS = 2.40 eV), respectively. No indication
of oxidized sulfur (S-O) was observed in the spectrum12,22 which
demonstrates that sulfur is not re-oxidized on the InP surface within
5 minutes of air exposure. Furthermore, these measurements clearly
show that (NH4)2S solution can be used to (partially) remove native
oxide on InP surfaces and no detection of P0 and P(2±)+ suboxides
was observed.
Surface morphology of InP after different wet chemical
treatments.— The surface morphology of InP surfaces after various
wet chemical treatments, as studied by STM, is shown in Figure 7.
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Figure 4. P 2p spectrum and In 3d5/2 spectrum of
an InP surface after immersion into (NH4)2S solution
without (top) and with H2SO4 pre-clean (bottom).
Figure 5. The relative spectral weight of the components determined for the different wet chemical treatments for P 2p, measured with hv = 250 eV (left), and
In 3d5/2, measured with hv = 640 eV (right).
Figure 6. The corresponding S 2p spectrum, mea-
sured with a photon energy of 350 eV, after immer-
sion into (NH4)2S solution without (left) and with
H2SO4 pre-clean (right).
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Figure 7. Scanning tunneling images of InP surfaces after different wet chemical treatments.
Although no roughness (RMS < 2 Å, very similar to as received
wafers) is induced during either treatment, a significant difference be-
tween acidic and alkaline treatment is observed. The morphology after
NH4OH immersion is similar to an as-received InP surface, which can
be explained by the very low native oxide solubility in this medium.
The immersion into acidified solutions reveals the presence of terraces
on top of the surface with lateral dimensions up to 100 nm. For the
HCl case, the terraces are more elongated as compared to the more
square terraces observed after H2SO4 treatment. This is attributed to
a difference in anisotropy in etching.15 The step height between the
terraces is 0.29 nm which corresponds to half of the lattice distance.
The terraces are therefore either preferentially indium or phosphorous
terminated. Due to the much higher solubility of phosphorous oxides
in aqueous media,23 it is assumed the surface is indium terminated.
This may explain the relatively high indium oxide content observed
in the SRPES spectra.
In order to understand the terrace formation in acidified solution,
the etching behavior was studied. By measuring the total amount
of dissolved indium after immersion into the chemical solution, an
approximate value for the etch rate could be determined. No indium
was detected (vetch < 0.1 Å/min) after immersion into ammonia which
confirms the high chemical resistance of InP in alkaline solution. After
immersion in HCl and H2SO4 solution a significant amount of indium
could be detected, up to several tens of ppb. However, the calculated
etch rate is low and in the order of 10 Å/min and 1 Å/min for HCl
and H2SO4, respectively.15 The measured indium cannot be explained
by oxide removal only and is therefore attributed to the chemical
etching of the semiconductor. The very smooth surface finish shows
that etching in the normal direction is not important. The amount of
dissolved material is therefore assigned to the removal of atoms at step
edges which are chemically less stable.15 Such an etching mechanism
can explain the revealing of atomically smooth terraces.24 In Fig. 8, a
representation of an atomic terrace is shown for a (100) InP surface.
The presence of some oxygen at the surface will result in oxidation of
the indium atoms. The oxidation state of phosphorous atoms below the
indium terminated surface are slightly affected resulting in a shift to
higher binding energy. It is therefore expected that the spectral weight
of this contribution increases when a high quality surface is achieved;
i.e. after terrace formation. It is tempting to correlate the observed
surface component S2 to this effect. The physical interpretation of
surface component S1 is not clear.
Finally the surface morphology of InP after (NH4)2S solution im-
mersion without and with initial sulfuric acid treatment was shown
in Figure 7. As discussed, sulfuric acid leads to the formation of ter-
races and therefore atomically smooth surfaces. These terraces can
still be observed in the surface morphology after additional (NH4)2S
solution treatment. However for ammonium sulfide immersion only,
the surface is comparable to an as-received InP substrate. Although
native oxide removal occurs in (NH4)2S (Fig. 4), the absence of ter-
races suggests that InP is chemically not (laterally) etched (the large
contamination of the (NH4)2S solution does not allow for accurate
ICP-MS measurements).
Surface composition of InP after two-step cleaning process.— As
shown in previous part, no etching was observed of the InP surface
for all different wet chemical treatments. However, since most con-
taminants are present at the surface (e.g. particles, metals) and CMP
processing results in (sub) surface damage, a slight etching of the top
layer should result in a more controlled starting surface for epitax-
ial growth or dielectric deposition.20 Therefore, a two-step cleaning
process is proposed in order to improve the surface quality. Dur-
ing the first step, the InP surface is immersed for 5 minutes into an
Figure 8. Schematic 2 dimensional overview of an InP surface after acidic
treatment. The formation of terraces was observed which are preferentially
indium terminated.
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Figure 9. P 2p spectrum (left) and In 3d5/2 spectrum
(right) of an InP surface after a two-step cleaning
process.
H2O2 (0.25 M)/HCl (1 M) solution which results in an etch rate of
±1.5 nm/min.16 Secondly, the remaining oxide is removed in 2 M
HCl solution. Fig. 9 shows the P 2p and In 3d5/2 spectra of the InP
surface after this two-step process. It can observed that both spectra
are comparable to a HCl only treated surface with almost no detection
of oxidized phosphorous and minimal indium oxide content. This in-
dicates that the etching step has minimal influence onto the surface
composition, i.e. the stoichiometry is maintained.
Conclusions
In conclusion, the influence of different wet chemical treatments
on the composition of InP surfaces was studied. An as-received InP
sample clearly showed the presence of an extensive amount of com-
ponents. Furthermore, the surface composition and morphology was
studied after acidic (HCl/H2SO4) and moderately alkaline (NH4OH)
wet chemical treatments. After immersion in a NH4OH solution, na-
tive oxides are present which is ascribed to the insolubility of In2O3 at
higher pH values. Both HCl and H2SO4 effectively remove the native
oxide, although components like P0, In0 and P(2±)+ suboxides remain
present. Acidic treatments result in atomically smooth surfaces with
the formation of terraces. As alternative surface treatment, the immer-
sion into (NH4)2S was studied. We have shown that (NH4)2S solution
results in fewer P 2p components which suggests that a higher quality
surface is obtained. Slight etching of the semiconductor in HCl/H2O2
solution followed by native oxide removal, had no significant effect
on the surface composition.
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